INTRODUCTION {#SEC1}
============

Under variable stress responses, bacteria generate many sRNAs to adapt to changes in the environment ([@B1],[@B2]). Upon oxidative stress, the bacterial sRNA OxyS is expressed and negatively regulates the translation of *fhlA* and *rpoS* mRNA ([@B3]--[@B6]). OxyS has been shown to repress the translation of *fhlA* through base-pairing interactions at two separate sites: (i) a seven-nucleotide sequence that overlaps with the Shine--Dalgarno sequences of *fhlA* and (ii) a nine-nucleotide sequence within the coding region (Cds) of *fhlA*. Kissing complexes have been proposed to form between OxyS and *fhlA* at these two sites, resulting in a stable antisense--target complex ([@B3],[@B7]). The OxyS-*fhlA* base pairing at the coding sequence has been shown to facilitate the interaction at the ribosome binding site (RBS), thus repressing the *fhlA* translation ([@B5]). As for *rpoS*, evidence that OxyS and *rpoS* use complementary sequences for base pairing has not been reported, and the mechanism of OxyS repression is less well understood ([@B8]). The models based on sRNA competition for Hfq binding have been previously proposed to account for this process ([@B6],[@B8]--[@B10]). Crucially, Hfq is required for OxyS sRNA repression of both *fhlA* and *rpoS*.

Hfq is a bacterial member of the Sm/LSm family. *Escherichia coli* Hfq (Ec Hfq) is a homohexameric protein with each subunit containing an N-terminal Sm domain (residues 1--65, Hfq65) and a flexible C-terminal extension (residues 66--102) ([@B11]--[@B17]). Structural studies have revealed that the Sm domain forms a ring-like hexameric structure that contains two distinct sides for RNA binding. The proximal side exhibits a preference for U-rich single-stranded RNA (ssRNA), whereas the distal side preferentially binds to A-rich ssRNA ([@B18]), and a single Hfq hexamer can simultaneously bind to A-rich and U-rich RNA substrates ([@B18]--[@B20]). Another group of positively charged residues on the lateral surface of Hfq constitutes the third, independent RNA-binding surface ([@B20]).

To date, several crystal structures of Hfq in complex with ssRNA have been determined. The structures of *Staphylococcus aureus* (Sa) Hfq in complex with AU~5~G ([@B21]), *Salmonella typhimurium* (St) Hfq in complex with U~6~ ([@B22]) and Ec Hfq in complex with AU~6~A ([@B23]) provide details of the interaction of U-rich ssRNA at the Hfq proximal side. In contrast, several structures of Hfq in complex with different poly(A) oligonucleotides reveal an (A-R-N)~n~ tripartite or (A-L)~n~ bipartite RNA-binding motif on the distal side of Hfq ([@B19],[@B24]--[@B26]). sRNAs exhibit some variation in the Hfq-binding regions, which can be an AU-rich linker region or the 3′-poly(U) terminator ([@B27]--[@B31]). In addition, the Hfq-binding region in sRNAs often exhibits variations in its sequence, and both U-rich and A-rich sequences have been found to bind Hfq ([@B8],[@B28],[@B32],[@B33]). Using minimal binding analysis, RNase footprinting and competition assays, an A-rich linker (nucleotides 65--74) between stem-loops b and c of OxyS was previously identified as the Hfq-binding region, and the Hfq--sRNA interaction likely results in the opening of stem-loop b of OxyS ([@B8]). However, due to the absence of atomic-level structural details, the questions of how the linker region of OxyS is recognized by Hfq and whether OxyS binds Hfq as poly(A) remain to be answered.

Here, using fluorescence polarization (FP) and tryptophan fluorescence quenching (TFQ) assays we verify that the A-rich linker region of OxyS sRNA binds Hfq at its distal side. Furthermore, we determined two crystal structures of Hfq in complex with two A-rich fragments from this linker region. In contrast to the previously reported (A-R-N)~n~ or (A-L)~n~ binding mode, in which the RNA fragment lies flat on top of the Hfq distal surface and follows a similar circular weaving path ([@B19],[@B24]--[@B26]), our structures reveal that two RNA fragments of OxyS adopt a different conformation and only contact a small portion of the Hfq distal surface. Interestingly, using FP assays we found that the Hfq mutant N48A exhibits opposite effects on the binding of poly(A) A~7~ and ssRNAs from OxyS. The N48A mutant dramatically decreases the binding affinity of Hfq for A~7~ but unexpectedly enhances the interaction between Hfq and OxyS ssRNA. This enhancement is further verified by electrophoresis mobility shift assays (EMSAs) using full-length OxyS. However, *in vivo* translation assays demonstrated that, as observed for other mutants, N48A loses the ability to assist OxyS in the repression of *fhlA* mRNA translation.

MATERIALS AND METHODS {#SEC2}
=====================

Hfq purification, crystallization and structure determination {#SEC2-1}
-------------------------------------------------------------

Recombinant full-length Hfq and Hfq65 were overexpressed and purified from *E. coli* as previously described ([@B19],[@B23]). The Hfq65 hexamer (0.2 mM) was mixed with 0.2--0.3-mM A~us~ (5′-AUAACUA-3′) or A~ds~ (5′-AACUAAA-3′) ssRNA and then mixed with an equal volume of crystallization buffer (12% PEG4000 and 0.1-M citrate, pH 5.5, for A~us~; 16% mPEG5000 and 0.1-M HEPES, pH 7.2, for A~ds~). The crystals were grown using hanging drop vapor diffusion. Crystals of both complexes belonged to the space group P2~1~2~1~2~1~ and diffracted to 2.00-Å (Hfq-A~us~) and 1.97-Å (Hfq-A~ds~) resolution. X-ray diffraction data were collected at beamline BL17U at the Shanghai Synchrotron Radiation Facility (SSRF) and were merged and scaled using HKL2000/HKL3000 (Hfq-A~us~) and MOSFLM (Hfq-A~ds~) and SCALA in the CCP4 suite ([@B34]--[@B36]). Data collection and refinement statistics are presented in Supplementary Table S1. Both Hfq-A~us~ and Hfq-A~ds~ structures were determined by molecular replacement using Phaser ([@B37]) and the apo Ec Hfq structure (PDB ID: 1HK9) as the search model. The *R*~work~ and *R*~free~ of the Hfq-A~us~ structure were refined to 21.10 and 25.20%, respectively. The *R*~work~ and *R*~free~ of the Hfq-A~ds~ structure were refined to 18.50 and 22.90%, respectively.

Coordinates {#SEC2-2}
-----------

Coordinates and structure factors for the Hfq-A~us~ and Hfq-A~ds~ complexes have been deposited in the Protein Data Bank under the accession codes 4QVC and 4QVD, respectively.

Nuclear magnetic resonance spectroscopy {#SEC2-3}
---------------------------------------

Backbone resonances of Hfq65 were assigned as previously described ([@B23]). ^1^H-^15^N HSQC spectra were recorded on a Bruker DMX 600 spectrometer equipped with a cryoprobe to monitor the chemical shift perturbations. U-\[^15^N\]-labeled Hfq65 R16A/R17A protein was titrated with A~us~ and A~ds~ ssRNA at 42°C in nuclear magnetic resonance (NMR) buffer (40-mM NaH~2~PO~4~, 40-mM NaCl and 1-mM ethylenediaminetetraacetic acid (EDTA) at pH 6.8) with 10% D~2~O as previously described ([@B19],[@B23]). Experimental data were processed using NMRPipe ([@B38]) and Sparky. Full titration spectra are shown in Supplementary Figure S1.

Fluorescence polarization {#SEC2-4}
-------------------------

Lyophilized 5′-FAM-labeled RNA oligomers were obtained from Takara Bio, Inc., and dissolved in diethylpyrocarbonate (DEPC)-treated water to a ﬁnal concentration of 100 μM. Equilibrium dissociation constants (*K*~d~) for different RNAs and different full-length Hfq constructs were determined by measuring the ﬂuorescence polarization, as previously described ([@B19],[@B23]).

Preparation of RNAs *in vitro* {#SEC2-5}
------------------------------

Full-length OxyS and its variants used in this study all include the natural oligo-3′-poly(U)U8 tail, which has been shown to be important in Hfq binding by several recent studies ([@B22],[@B28],[@B31]). Full-length OxyS RNA containing 3′- poly(U)U8 tail (hereinafter referred to as OxySU8) and its variants were synthesized by *in vitro* transcription using T7 RNA polymerase and polymerase chain reaction-amplified DNA templates containing the T7 promoter and the transcribed sequences corresponding to OxySU8 and its variants OxySU8-A10dele (deletion of nucleotides 65--74) and OxySU8-A6U (A65U/A66U/A68U/A69U/A73U/A74U). Transcription products were purified by polyacrylamide gel electrophoresis and dialyzed into DEPC-treated water.

Fluorescence labeling of RNA {#SEC2-6}
----------------------------

*In vitro* transcribed RNA was modified to introduce a thiol group at the 5′-end through cystamine modification of 5′-phosphate groups using the EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride; Thermo)/imidazole reaction ([@B39]). The −SH activated RNA was then labeled using DyLight 680 Maleimide (Thermo) as recommended by the manufacturer. Labeled RNA was isopropanol precipitated and further purified from polyacrylamide gels. The RNA concentration and labeling efficiency were determined by measuring the OD~260~ and OD~680~.

Electrophoresis mobility shift assay {#SEC2-7}
------------------------------------

EMSA assays were performed in a 10-μl reaction mixture containing 6.67-mM sodium phosphate, 50-mM NaCl, 0.33-mM EDTA and 2.5-mM MgCl~2~, pH 7.0. Prior to use, all RNAs were refolded by heating to 98°C for 30 s in reaction buffer without magnesium and then slowly cooled to room temperature. MgCl~2~ was added to a final concentration of 2.5 mM prior to the experiment. The final concentration of OxySU8 was 5 nM, and the final concentrations of the full-length Hfq hexamer are as indicated (Figure [6E](#F6){ref-type="fig"} and [F](#F6){ref-type="fig"}). Reactions were incubated at room temperature for 40 min and resolved on 0.5 x TB 6% native 19:1 polyacrylamide gels. Gels were scanned in an Odyssey Infrared Imaging System using the 700-nm channel for detection. Each experiment was performed on the same gel and was repeated at least three times. Fluorescence intensities were integrated to calculate the bound fraction of labeled RNA and these intensities were fit to a 1:1 binding model as previously reported (Supplementary Figure S2) ([@B23]).

Tryptophan fluorescence quenching {#SEC2-8}
---------------------------------

Tryptophan fluorescence quenching measurements were performed using an RF-5301PC SHIMADZU spectrofluorophotometer ([@B40]). The emission spectrum with excitation at 293 nm was scanned from 320 to 400 nm. One micromolar of each Hfq hexamer Trp mutant protein at 20-μl system in TFQ buffer (20-mM HEPES, pH 8.0, 200-mM NaCl, 0.5-mM EDTA) was scanned. RNAs were dissolved into TFQ buffer to 80-μM concentration and quenching studies were performed using final 1- and 4-μM RNA. Peak height was read from spectra for each Hfq Trp mutant. Quenching percentage was calculated as recently reported ([@B40],[@B41]). Each titration was done at least three times.

Western blotting {#SEC2-9}
----------------

Overnight cultures of bacteria harboring the GFPuv reporter and full-length Hfq plasmids were diluted 100-fold in Luria Broth (LB) media treated with 50-μM H~2~O~2~ and grown at 37°C with appropriate antibiotics in the presence of L-arabinose (0.0225%) and Isopropyl β-D-1-thiogalactopyranoside (IPTG) (50 μM) for an additional 8 h with agitation. Western blots were processed as previously described ([@B19]).

RESULTS {#SEC3}
=======

The OxyS linker binds to the distal side of Hfq {#SEC3-1}
-----------------------------------------------

To better understand the binding properties between OxyS and Hfq, we selected two A-rich fragments, A~us~ and A~ds~, which are named to represent the upstream (nucleotides 66--72, 5′-AUAACUA-3′) and downstream (nucleotides 68--74, 5′-AACUAAA-3′) sequences of the OxyS A-rich linker region (Figure [1A](#F1){ref-type="fig"}), and performed FP assays to investigate their interactions with Hfq. Intriguingly, although the RNA sequence of A~us~ largely overlaps with that of A~ds~ and both fragments are 7-nt long, the binding of A~us~ to wild-type full-length Hfq (Hfq WT) (*K*~d~ = 22 nM) is much stronger than that of A~ds~ (*K*~d~ = 1490 nM) by ∼70-fold (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}). To determine whether this substantial difference in binding affinity results from the binding of the two RNA fragments to different sides of Hfq, two Hfq mutants (F42S on the proximal side and Y25A on the distal side) were prepared for FP assays. Our results indicated that the binding of A~us~ and A~ds~ to Hfq was significantly decreased by the Y25A mutation, whereas F42S did not exhibit clear effect on RNA binding (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}), indicating that both A~us~ and A~ds~ bind to the distal side of Hfq.

![The A-rich fragments from the linker region of OxyS bind to the distal side of Hfq. (**A**) A schematic diagram showing the secondary structure of OxySU8. This structure is based on the experimentally verified secondary structure of OxyS ([@B4]), which is in close agreement with the predicted secondary structure of OxySU8 RNA using Mfold ([@B43]). The two segments selected for cocrystallization with Hfq, namely A~us~ and A~ds~, represent nucleotides 66--72 and nucleotides 68--74 of OxyS, respectively. OxySU8-A10dele (deletion of nucleotides 65--74) and OxySU8-A6U (A65U/A66U/A68U/A69U/A73U/A74U) mutants as indicated. Based on the Mfold prediction ([@B43]), the secondary structures of both mutants are similar to that of wild-type OxySU8. (**B, C**) Fluorescence polarization assay to determine the binding affinities of A~us~ and A~ds~ for wild-type Hfq and mutants. A mutation on the distal side, Y25A, dramatically decreased the binding affinity of both A~us~ and A~ds~, whereas the proximal side mutation, F42S, did not exhibit a prominent effect. (**D, E, F**) TFQ experiments for Hfq Trp mutants by OxySU8, OxySU8-A10dele and OxySU8-A6U. F42W represents the proximal RNA binding site, and Y25W and K31W represent the distal RNA binding sites. The black bar represents the percent quenching by 1**-**μM RNA, whereas the gray bar above the black bar represents the quenching by 4-μM RNA.](gkv072fig1){#F1}

To determine whether these interactions reflect the binding of full-length OxyS, we further utilized TFQ assays to investigate the binding of full-length OxyS to Hfq ([@B40],[@B42]). Two OxySU8 variants, OxySU8-A10dele and OxySU8-A6U, were transcribed *in vitro*. The secondary structures of both variants are highly similar to that of the wild-type OxySU8 based on the Mfold prediction ([@B43]). Three Trp mutants (Y25W, K31W and F42W) were also generated to evaluate the binding effects of OxySU8 on the distal and proximal sides of Hfq. As shown in Figure [1D](#F1){ref-type="fig"}, [E](#F1){ref-type="fig"} and [F](#F1){ref-type="fig"}, wild-type OxySU8 significantly quenches the fluorescence of Hfq mutants F42W, Y25W and K31W, indicating that full-length OxyS RNA can interact with both proximal and distal sides of Hfq, a finding that is consistent with previous studies ([@B44]). In contrast, fluorescence quenching of Hfq is largely weakened for Y25W by ∼1.6-fold and for K31W by ∼1.7-fold (Figure [1E](#F1){ref-type="fig"} and [F](#F1){ref-type="fig"}) when the A-rich linker of OxyS is either deleted or mutated, whereas a clear reduction in quenching was not observed for the F42W mutant, suggesting that the A-rich region of full-length OxyS binds Hfq at the distal side. Collectively, our FP and TFQ results confirmed that the Hfq binding behaviors of A-rich sequences are similar between short RNA fragments and full-length OxyS.

Crystal structures of Hfq65 in complex with A~us~ and A~ds~ ssRNA {#SEC3-2}
-----------------------------------------------------------------

A previous study showed that the binding affinity of poly(A) A~7~ to Hfq with a *K*~d~ of ∼113 nM ([@B19]) was between those of A~us~ and A~ds~. Considering that the A-rich sequences from the OxyS linker region do not follow a strict (A-R-N)~n~ binding motif, it is unclear whether the binding of these sequences to Hfq would adopt a similar interaction mode. Attempts were made to crystallize the Sm domain of Ec Hfq (Hfq65) in complex with linker fragments of OxyS. Interestingly, although attempts to crystallize Hfq65 in complex with a 10-nt OxyS fragment (*K*~d~ = 13 nM, nucleotides 65--74, 5′-AAUAACUAAA-3′) (Supplementary Figure S3) were unsuccessful, two crystal structures of Hfq in complex with the 7-nt fragments A~us~ and A~ds~ were successfully determined.

Both Hfq65-A~us~ and Hfq65-A~ds~ structures were determined by molecular replacement using the apo Ec Hfq structure (PDB ID: 1HK9) as the search model. The Hfq65-A~us~ structure was refined to *R*~work~ and *R*~free~ values of 21.10 and 25.20%, respectively, at 2.00-Å resolution. In the Hfq65-A~us~ crystal structure, the asymmetric unit contains six Hfq65 subunits and one RNA fragment, which exhibits continuous electron density for only three of seven ribonucleotides (A68, A69 and C70) (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}). The riboses of A68 and A69 adopt a C2′-endo sugar pucker, whereas the sugar pucker of C70 is C3′-endo, and each base adopts an anti*-*conformation (Figure [2B](#F2){ref-type="fig"}). The structure of the Hfq65-A~ds~ complex was refined to 1.97-Å resolution with *R*~work~ and *R*~free~ values of 18.50 and 22.90%, respectively. The asymmetric unit contains an Hfq65 hexamer and exhibits electron density for only four consecutive 3′-nucleotides of A~ds~ (U71, A72, A73 and A74) (Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}). The riboses of U71, A72 and A73 all adopt a C2′-endo pucker, whereas the 3′-end A74 adopts a C3′-endo pucker, with all four bases adopting an anti-conformation. For both crystal structures, the reason that full oligonucleotides could not be modeled remains unclear, but most likely is due to the structure disorder. Superposition of A~us~- and A~ds~-bound Ec Hfq65 hexamers with apo Ec Hfq (PDB ID: 1HK9) reveals no significant conformational changes, with RMSD (root mean square deviation) values of 0.46 and 0.48 Å (Supplementary Figure S4A and B), respectively. Data collection and refinement statistics are summarized in Supplementary Table S1.

![Global structures of the Hfq-A~us~ and Hfq-A~ds~ complexes. (**A**) Each Hfq65 hexamer (gray) binds to one A~us~ (orange) RNA fragment at the distal side in the structure of the Hfq65-A~us~ complex. (**B**) Clear electron density (difference maps 2*F*~0~−*F*~c~ densities are shown as a cyan mesh contoured at 1.0σ) is observed for three of seven nucleotides (A68, A69 and C70; orange) in A~us~. (**C**) Each Hfq hexamer binds to one A~ds~ (magenta) RNA fragment in the structure of the Hfq65-A~ds~ complex. (**D**) Electron density (difference maps 2*F*~0~−*F*~c~ densities are shown as a cyan mesh contoured at 1.0σ) is observed for four of seven nucleotides of A~ds~ (U71, A72, A73 and A74; magenta). Three closely packed asymmetric units of Hfq65-A~us~ (**E**) and Hfq65-A~ds~ crystals (**F**) are shown. One hexamer is presented as gray carbon and the remaining two hexamers as blue or green Cα traces. A~us~ (orange) and A~ds~ (magenta) are represented as sticks. In the complex structures, C70 from A~us~ and A74 from A~ds~ both point outward from one Hfq distal side and bind at the 'R-site' on the distal side of a neighboring Hfq65 hexamer. Data collection and refinement statistics are summarized in Supplementary Table S1.](gkv072fig2){#F2}

Recognition of A~us~ and A~ds~ ssRNA by the distal side of Hfq65 {#SEC3-3}
----------------------------------------------------------------

Poly(A) (A~7~ and A~15~) has been previously demonstrated to bind to the distal side of Ec Hfq at a similar (A-R-N)~n~ repeat motif ([@B19],[@B24]). However, in our Hfq-A~us~ and Hfq-A~ds~ complex structures, both ssRNA fragments adopt a very similar conformation (Figure [3A](#F3){ref-type="fig"}), which differs from that of A~7~ in the Hfq-A~7~ complex (Figure [2E](#F2){ref-type="fig"} and [F](#F2){ref-type="fig"} and Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). Our crystal structures reveal that both A~us~ and A~ds~ interact with the distal side of two different Hfq hexamers, and in both structures, each Hfq hexamer interacts with two ssRNA fragments (Figure [2E](#F2){ref-type="fig"} and [F](#F2){ref-type="fig"}).

![A distinct RNA recognition mode in the Hfq-A~us~ and Hfq-A~ds~ complex structures compared with the Hfq-A~7~ structure. Hfq is shown as a gray surface. (**A**) A~us~ and A~ds~ bind to Hfq in a similar conformation. A~us~ and A~ds~ are shown as orange and magenta sticks, respectively. A new nucleotide binding pocket close to the central pore of Hfq (formed near the interface of two adjacent Hfq subunits) is circled with a dotted line. (**B**) A~us~ and (**C**) A~ds~ binding at the distal side of Hfq differs from that of A~7~ (blue sticks). Nucleotide U71 of A~ds~ binds to the adenosine selective site ('A-site') in the 'A-R-N' motif and is highlighted with a dotted circle in panel (C).](gkv072fig3){#F3}

Specifically, C70 of A~us~ and A74 of A~ds~ insert into a distal R-site located on a neighboring Hfq hexamer in our crystal structure. C70 of A~us~ binds to a classic R-site in a manner that is similar to that of the adenosine of poly(A) on the distal side of an adjacent Hfq65 hexamer (Figure [4A](#F4){ref-type="fig"} and Supplementary Figure S5A), despite previous modeling studies that suggested that the R-site cannot accommodate a pyrimidine ([@B24]). The C70 base stacks against Y25^(2)^ and participates in van der Waals interactions with L32′^(2)^ and L26′^(2)^, and its N4 atom participates in polar interaction with the side chain of T61^(2)^ (where ′ denotes the residues from an adjacent Hfq65 subunit and ^(2)^ denotes residues from an adjacent Hfq65 hexamer). The O2 atom of C70 engages in a hydrogen bond with the Nδ atom of residue N28′^(2)^. Moreover, a water molecule is observed that bridges the hydrogen bonds between the N3 and O2 atoms of C70 and Oγ of S60^(2)^, and an additional hydrogen bond is formed between the ribosyl 2′-hydroxyl group of C70 and the carbonyl oxygen of G29^(2)^. Recently, it was reported that this R-site could also accommodate Cytidine-5\'-triphosphate (CTP) ([@B45]). This phenomenon is also observed for A74 of A~ds~, the base of A74 stacks against Y25^(2)^, participates in van der Waals interactions with L32′^(2)^ and L26′^(2)^ and forms hydrogen bonds between its aromatic nitrogen atoms (N1 and N6) and the Oγ atoms of S60^(2)^ and T61^(2)^ (Figure [4B](#F4){ref-type="fig"}).

![Interactions with RNA on the distal face of Hfq. The carbon atoms of A~us~ (5′-AUAACUA-3′, nucleotides 66--72) and A~ds~ (5′-AACUAAA-3′ nucleotides 68--74) are colored orange and magenta, respectively. Hfq is shown as gray Cα traces except for the residues involved in RNA binding, which are shown as sticks. The carbon atoms of these residues are colored gray in one Hfq and yellow or green in two adjacent Hfq molecules. The prime sign 'denotes residues from an adjacent Hfq65 subunit in the same hexamer. The superscripts ^(2)^ and ^(3)^ denote residues from the neighboring Hfq65 hexamers. (**A, B**) C70 of A~us~ and A74 of A~ds~ bind to the R-site of an adjacent Hfq hexamer. (**C**) A69 of A~us~ binds to a pocket on the distal side of Hfq close to the central pore. The adenosine ribosyl 2′-hydroxyl group of A69 interacts with the backbone amide of K31. The exocyclic N6 atom forms a hydrogen bond with the carbonyl oxygen groups of N28. (**D**) A68 of A~us~ binds to the R-site of Hfq. (**E**) U71 of A~ds~ binds to the A-site of Hfq via hydrogen bonds to Nδ of N48 and the backbone atom of Q33. (**F**) U71 is coordinated with A72 by two non-discriminating water-mediated hydrogen bonds.](gkv072fig4){#F4}

In contrast to the corresponding adenine in A~7~, which does not exhibit interactions with Hfq and represents a typical N-site nucleotide in the Hfq-A~7~ structure, both A69 of A~us~ and A73 of A~ds~ bind Hfq in close proximity to the central pore. In both cases, the adenine base participates in van der Waals interactions with R19 from a nearby Hfq hexamer. The adenosine ribosyl 2′-hydroxyl group interacts with the backbone amide of K31, and the exocyclic N6 atom of the base forms a hydrogen bond with the carbonyl oxygen groups of N28. These adenine bases also participate in van der Waals interactions with residue I30 (Figure [4C](#F4){ref-type="fig"} and Supplementary Figure S5B). To further determine whether the interactions between ssRNA and R19 from a different Hfq hexamer exist in solution or are simply a result of crystal packing, we generated an R19W mutant and analyzed this mutant using the TFQ assay. Compared to A~7~, A~us~ and A~ds~ were quenched much more significantly by ∼2.4-fold and ∼2.8-fold, respectively (Supplementary Figure S6), indicating that R19 contributes to the interaction between ssRNA and Hfq. Thus, although we cannot exclude the possibility that this binding is a consequence of crystal packing, our results suggest that R19 may play an interesting role in mediating the ssRNA--Hfq interaction.

In the two crystal structures, A68 of A~us~ and A72 of A~ds~ bind to the canonical R-site at the distal side of Hfq as observed for their counterpart(s) in poly(A) (Figure [4D](#F4){ref-type="fig"} and Supplementary Figure S5C): the adenine rings insert into the crevice between neighboring Hfq65 subunits and stack against the side chain of Y25 and participate in van der Waals interactions with residues L26′, I30′ and L32′; the adenine exocyclic atoms N6 and N1 form hydrogen bonds with Nϵ of Q52′ and Oγ of T61, respectively; and the adenine ribosyl 2′-hydroxyl forms a water-mediated hydrogen bond with the carbonyl oxygen of G29, which is slightly different from the direct hydrogen bond observed in the structure of the Hfq65 poly(A) complex ([@B24]).

Unexpectedly, U71 of A~ds~ binds to a former A-site in the Hfq65-A~7~ complex (Figure [4E](#F4){ref-type="fig"}), which is composed of residues from β-strands 2 and 4 and was previously named for its binding specificity for adenosine nucleotides ([@B24]). The O4 atom of the U71 base forms hydrogen bonds with the backbone amide of Q33 and the Nδ atom of N48. In addition, as observed for the adenosine nucleotide, the U71 base stacks against the side chain of L32, and the 5′- phosphate group of U71 interacts with the backbone amide of K31. Moreover, U71 is coordinated with A72 by two non-discriminating water-mediated hydrogen bonds (O2 of the uracil base to N7 and N6 of A72, respectively) (Figure [4F](#F4){ref-type="fig"}). We speculate that the interactions between U71 and A72 may be important to position the uridine in this A-site with the energetically favorable anti-conformation.

A~us~ and A~ds~ primarily perturb the distal side of Hfq in solution NMR {#SEC3-4}
------------------------------------------------------------------------

To confirm the interaction details between Hfq and OxyS fragments, solution NMR was used to investigate the binding of Hfq65 to A~us~ and A~ds~ (Figure [5](#F5){ref-type="fig"} and Supplementary Figure S1). The mutant Hfq65 R16A/R17A was used in the NMR titration to avoid protein aggregation upon RNA binding ([@B19],[@B23]). Our chemical shift perturbation experiments indicate that Hfq residues are affected by A~us~ and A~ds~ binding in a similar fashion (Figure [5](#F5){ref-type="fig"}). As expected, around 17 residues, such as Y25, N28, I30, K31, Q33, S60 and T61, which are involved in A-rich RNA binding on the distal side, experienced large chemical shift changes (Figure [5A](#F5){ref-type="fig"}). Interestingly, several residues on the proximal side including Q8, Q41, F42, V43 and H57, which have been reported to form polar interactions with uracils ([@B19],[@B23]), also demonstrate clear chemical shift changes or disappear upon RNA titration. However, in terms of the number of perturbed residues and the magnitude of the perturbation, RNA binding affects the Hfq distal surface more prominently than the proximal side, which is consistent with our FP assay, which was performed in solution. Considering that the proximal side residues are not directly involved in the binding of A~us~ and A~ds~ in our crystal structures, the related minor perturbations and the slight decrease in the binding affinity of ssRNAs for Hfq with an F42S mutation on the proximal face, as demonstrated by the FP assay (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}), are perhaps caused by the subtle structural changes induced by a cross-talk between the distal and proximal binding sites which may be important for Hfq regulation ([@B23]). These influences on the Hfq proximal side may also result from weak binding of excessive ssRNA in the experimental systems.

![NMR chemical shift perturbations of Hfq by A~us~ and A~ds~. Hfq65 R16A/R17A protein (0.1 mM) were titrated with A~us~ and A~ds~, respectively. (**A**) Selected regions of ^1^H-^15^N HSQC spectra of Hfq upon A~us~ (left) and A~ds~ (right) titration. (**B**) Chemical shift differences between the first and last titration points for A~us~ and A~ds~ are presented as green and red column bars, respectively. (**C, E**) Both A~us~ and A~ds~ binding to Hfq result in prominent chemical shift perturbations on the distal side of Hfq. (**D, F**) Residues Q8, Q41 and V43 on the proximal side of Hfq are also perturbed by A~us~ and A~ds~ titration. Hfq is colored according to chemical shift changes using a blue to red gradient. The resonances of F42 and H57, which disappeared upon A~us~ and A~ds~ titration, are colored purple. Unassigned residues are colored dark blue.](gkv072fig5){#F5}

Key residues involved in Hfq binding of A~us~ and A~ds~ {#SEC3-5}
-------------------------------------------------------

As previously indicated, careful structural comparison of the observed nucleotides in Hfq-A~us~, Hfq-A~ds~ and Hfq-A~7~ reveals that the side chain of N28 is only involved in binding to A~us~ and A~7~ but not A~ds~. In addition, N48 from the Hfq A-site interacts with U71 via its side chain in Hfq-A~ds~ but not with the observed nucleotides in Hfq-A~us~ and Hfq-A~7~. To determine whether these interactions are crucial for the recognition of ssRNA by Hfq, two mutations (N28A and N48A) were generated for FP investigation (Figure [6](#F6){ref-type="fig"}). K31A, which causes a 100-fold loss in the binding affinity of Hfq for poly(A) ([@B18],[@B19],[@B24],[@B46]), was also analyzed in our FP assay, although a direct interaction with ssRNA was not observed for this residue in our crystal structures. As previously reported, the K31A mutation disrupts the binding of all three ssRNAs (Figure [6A](#F6){ref-type="fig"}, [B](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}). N28A decreases the binding of A~7~ and A~us~ by ∼40 and ∼6-fold compared with Hfq wild type (WT) but does not affect the binding of A~ds~, which is consistent with our crystal structures (Figure [6A](#F6){ref-type="fig"}, [B](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}). Unexpectedly, the results of the FP assay indicated that N48A causes two distinct Hfq-binding effects on OxyS ssRNAs and A~7~. This mutant decreases the binding affinity of Hfq for A~7~ by ∼27-fold (Figure [6A](#F6){ref-type="fig"}), whereas it increases the binding affinities for A~ds~ and A~us~ by ∼16-fold (*K*~d~ = 1480 to 92.8 nM) and ∼1.3-fold (*K*~d~ = 22 to 16.8 nM) (Figure [6B](#F6){ref-type="fig"} and [C](#F6){ref-type="fig"}). To confirm this result, we further performed EMSA assays to investigate the interaction between Hfq and full-length OxyS (Figure [6E](#F6){ref-type="fig"} and [F](#F6){ref-type="fig"}). OxyS has been previously shown to form more than one discrete complex (i.e. I and II) with Hfq and the complex I was suggested to consist of a 1:1 sRNA:Hfq hexamer stoichiometric ratio ([@B8],[@B44],[@B47]). The EMSA assay was therefore performed at a concentration range of 0--40 nM for wild-type Hfq and 0--12.5 nM for the N48A mutant such that only complex I would be predominantly formed. Fluorescence intensities were integrated to calculate the bound fraction of the labeled RNA, and these intensities were fit assuming a 1:1 binding stoichiometry between one Hfq hexamer and one molecule of RNA (Supplementary Figure S2). Our results indicated that N48A (*K*~d~ = ∼4.6 ± 0.7 nM) exhibits higher RNA binding affinity than wild-type Hfq (*K*~d~ = ∼17 ± 1.0 nM). In addition, we generated an N48W mutant and performed the TFQ assay to demonstrate that the full-length OxySU8 RNA interacts with N48 of Hfq in solution (Supplementary Figure S7). Overall, we report for the first time that the Hfq N48A mutant exhibits distinctly opposite effects on the binding of poly(A) and A-rich RNA sequences.

![The effects of Hfq mutations (N28A, K31A and N48A) on RNA binding affinities. (**A**) N28A (magenta), N48A (blue) and K31A (green) mutations dramatically decrease the binding affinity for A~7~ to Hfq (compared with a *K*~d~ of ∼113 nM for wild-type Hfq; ([@B19])). (**B**) The binding affinity of A~us~ RNA for N28A and K31A is both lower compared with that for wild type. In contrary, the N48A mutant exhibits higher affinity for A~us~. (**C**) The N48A mutation dramatically increases the affinity for A~ds~ (∼16-fold) compared with wild type. (**D**) The binding affinity A~ds~ for the K31A mutant is significantly lower. The N28A mutation does not affect the binding of A~ds~. In EMSA assays, compared to wild-type Hfq (**E**), the N48A mutant caused a prominent mobility shift of full-length OxySU8 at lower concentrations (**F**).](gkv072fig6){#F6}

An appropriate binding affinity is important for Hfq to regulate OxyS function *in vivo* {#SEC3-6}
----------------------------------------------------------------------------------------

Our *in vitro* results indicated that several Hfq mutants including N28A, K31A and N48A demonstrated distinct effects on Hfq binding of OxyS fragments. To evaluate whether these mutants could influence the repression of *fhlA* mRNA translation by OxyS sRNA *in vivo*, a reporter system consisting of the *fhlA* 5′- end fragment from −514 upstream of the AUG initiation codon to +60 that contained the Cds site (i.e. the *fhlA* coding sequence from +34 to +42, which is involved in a direct OxyS--*fhlA* interaction) fused to the coding sequence of GFPuv ([@B3],[@B7]) (Figure [7A](#F7){ref-type="fig"}) was generated with a GSSG spacer. We examined the role of OxyS on this *fhlA*-GFPuv fusion in the *hfq*^−^ strain or using wild-type Hfq or the N28A, K31A, N48A or Y25A mutants. All growth media were treated with 50-μM H~2~O~2~ to ensure that the bacteria were cultured under oxidative stress. Our results (Figure [7B](#F7){ref-type="fig"}) demonstrate that wild-type Hfq (lane 2) can effectively facilitate OxyS-repression of *fhlA*-GFPuv translation, whereas in the *hfq^−^* strain (lane 1), OxyS cannot efficiently repress *fhlA*-GFPuv translation. For the Y25A mutant (lane 3), the translation level of *fhlA*-GFPuv is very similar to that in the *hfq^−^* strain. In addition, neither the N28A (lane 4) nor the K31A (lane 5) mutant could repress GFPuv expression as wild-type Hfq, which is primarily due to the disruption of key hydrogen bond between Hfq and OxyS. However, the results of the *in vivo* translation assay are not entirely consistent with the *in vitro* FP results, in which the K31A mutant exhibited dramatically decreased binding affinity compared with wild-type Hfq, whereas its *in vivo* repression of *fhlA*-GFPuv translation is not as drastic as that observed for Y25A. This discrepancy has been observed in previous studies ([@B19]). The discrepancy between the *in vivo* repression level and the *in vitro* binding assay is possibly due to the changes in the RNA concentrations. *In vivo*, the system is much more complicated than *in vitro*, and the expression of mutant Hfq may affect sRNA accumulation, which would in turn influence the mRNA translation efficiency ([@B48]). Intriguingly, the N48A mutant, which binds OxyS fragments more tightly than wild-type Hfq, also exhibits a significant decrease in the expression level of GFPuv (lane 6). In previous studies, the observation of a defective sRNA--mRNA regulation is often related to the disruption rather than the enhancement of the key interactions between Hfq and sRNA ([@B19],[@B48],[@B49]). The interesting behavior of the N48A mutant raises the possibility that N48 may play a special role in regulating the interaction between Hfq and OxyS such that limited levels of Hfq in the cell can be efficiently recycled to mediate the regulation of mRNA translation by sRNAs.

![An appropriate RNA binding affinity is important for Hfq regulation *in vivo*. (**A**) A schematic diagram of the reporter system used for *in vivo* translation assays. The DNA sequence encoding the fluorescent protein GFPuv is fused to the leader sequence of *fhlA* and is thus under the regulation of OxyS and Hfq. The level of GFPuv expression in this system will consequently reflect the translation level of the mRNA with this *fhlA* leader. (**B**) Deletion of *hfq* increases the GFPuv expression level (lane 1) compared with wild-type Hfq (lane 2). GFPuv expression in the presence of the Y25A mutant (lane 3) is similar to that in the *hfq^−^* strain. Similarly, neither the N28A (lane 4) nor the K31A mutant (lane 5) was capable of suppressing GFPuv expression as wild-type Hfq. This finding is presumably due to the deficiency of these mutants in binding OxyS. The N48A mutant, which binds to OxyS more tightly than wild-type, also does not suppress the expression level of GFPuv (lane 6). GFPuv was stained with an anti-GFP antibody and GroEL was used as a loading control.](gkv072fig7){#F7}

DISCUSSION {#SEC4}
==========

OxyS A-rich sequences adopt a binding mode that differs from the (A-R-N)~n~ mode at the Hfq distal side {#SEC4-1}
-------------------------------------------------------------------------------------------------------

It is well known that poly(A) and many mRNAs bind to the distal side of Hfq and adopt an (A-R-N)~n~ binding motif ([@B24],[@B50]). Previous studies have shown that the linker region of OxyS RNA is crucial for Hfq binding ([@B8]). Recent studies showed that mutations of proximal side residues disrupted Hfq--OxyS interactions, whereas mutations of distal side residues exhibited a largely reduced effect ([@B10]). A more recent study using SAXS and SANS presented a model of the Hfq--OxyS complex, which reveals that OxyS predominantly binds Hfq at the proximal side and partially interacts with the distal side ([@B44]). In this study, using FP and TFQ assays, and the determined crystal structures, we identified that the A-rich sequence of OxyS binds Hfq at its distal side. Our atomic-level structures are consistent with the previously reported structural model in which OxyS can partially interact with the Hfq distal surface ([@B44]).

In the present crystal structures, A~us~ and A~ds~ adopt a very similar conformation, with the exception that two RNA fragments do not overlap in the observed nucleotides (A68, A69 and C70 for A~us~ and U71, A72, A73 and A74 for A~ds~). Structural comparison reveals that the binding locations of the observed nucleotides on the Hfq distal surface are essentially identical in the two crystal structures, raising a concern whether both structures or only one structure is biologically correct. We propose two possibilities to account for the determined crystal structures: (i) all of the aforementioned nucleotides may simultaneously bind to two Hfq hexamers: nucleotides A68, A69 and C70 bind the first Hfq hexamer with the base of C70 inserting into the R-site of a second Hfq hexamer and nucleotides U71, A72, A73 and A74, in turn, interact with the second hexamer. (ii) These nucleotides belong to two consecutive binding motifs that may not bind Hfq simultaneously but function together to increase the chance of mutual recognition between Hfq and OxyS. However, due to the lack of a structure of Hfq in complex with a greater number of observed nucleotides, more systematic investigations are definitely needed to determine which model is biological relevant.

The sRNA conformation in the two structures differs from the previously reported A-R-N or A-L binding mode, in which the RNA fragment lies flat on top of the Hfq distal surface and follows a similar circular weaving path ([@B19],[@B24]--[@B26]). In our structures, both A69 of A~us~ and A73 of A~ds~ bind Hfq in close proximity to the central pore, which differs from the N-site in the crystal structures of Hfq-A~7~ and Hfq-A~15.~ More interestingly, the rearrangement of this nucleotide binding site leads to a structural change of the downstream nucleotides (C70 of A~us~ and A74 of A~ds~), allowing the bases of C70 and A74 to stretch away from the Hfq hexamer and insert into an R-site on the distal side of another adjacent Hfq hexamer. In contrast, A69 of A~us~ and A73 of A~ds~ bind to the Hfq distal side close to the central pore and participate in van der Waals interactions with a third hexamer. Although we cannot exclude the possibility that these inter-hexamer interactions are caused by crystal packing, our FP and TFQ assays indicated that, compared to A~7~, A~us~ and A~ds~ exhibited different binding behaviors toward Hfq in solution (Figure [6](#F6){ref-type="fig"} and Supplementary Figure S6), supporting the notion that the RNA binding mode that we observed in the crystal structures of Hfq-A~us~ and Hfq-A~ds~ is indeed different from the previously known (A-R-N)~n~ or (A-L)~n~ mode.

N48 may play an important role in balancing the OxyS--Hfq interaction {#SEC4-2}
---------------------------------------------------------------------

To evaluate the crucial protein--nucleic acid interactions observed in our crystal structures, we generated several mutants at the Hfq-RNA binding interface and analyzed them using the FP assay. Unexpectedly, among these mutants, N48A does not weaken the Hfq--ssRNA interaction; rather, it dramatically increases the binding affinity of Hfq for A~ds~ by ∼17-fold. This result is unexpected because a hydrogen bond is observed between the N48 side chain and the U71 base in the Hfq-A~ds~ crystal structure. The enhancement of this interaction is further confirmed in the EMSA assay of full-length OxyS and the Hfq N48A mutant, suggesting that the Hfq--OxyS interaction may also be strengthened by this mutation in the cell. One hypothesis to rationalize this apparent discrepancy is that the original A-site may not represent an optimal binding site for U71, although hydrogen bonds are observed between the U71 base and Hfq Q33 and N48, and alanine substitution of N48 remodels this site such that it can better accommodate the U71 base. In addition, the electron density for U71 is not as well defined as that for the other three adenines. Therefore, it is also possible that the conformation of this uracil is flexible, and the N48A mutation may stabilize the conformation of this uracil by generating new interactions.

Although showing an opposite effect on RNA binding compared with the other mutants, N48A exhibits similar defective regulation of mRNA translation *in vivo* as the other mutants, raising the question of whether an appropriately moderate sRNA binding capacity is important for the regulatory role of Hfq in mRNA translation, whereas either reduced or enhanced sRNA binding to Hfq is primarily related to defective sRNA--mRNA regulation. We speculate that the biological significance of this 'correct' RNA binding at the Hfq distal side may be related to the rapid recycling of Hfq. A strong Hfq binding with sRNAs *in vivo* will decrease the chance of Hfq for recycling so that repress Hfq function as an mRNA-translation regulator ([@B51],[@B52]). Alternatively, considering that N48A dramatically disrupts the interaction between Hfq and poly(A)A~7~ (Figure [6A](#F6){ref-type="fig"}), which represents the Hfq binding motif of mRNA, it is also possible that the low *in vivo* expression level is caused by the loss of direct *fhlA* mRNA binding.

OxyS uses two different mechanisms to regulate the translation of *fhlA* and *rpoS* {#SEC4-3}
-----------------------------------------------------------------------------------

The small RNA OxyS is induced by *E. coli* in response to oxidative stress. OxyS represses the translation of *fhlA* and *rpoS* mRNA, which encode the formate hydrogen lyase system activator and the σ^s^ subunit of RNA polymerase, respectively ([@B3]--[@B5]). The RNA chaperone protein Hfq binds to OxyS to facilitate sRNA repression of mRNA translation ([@B8]). The regulation mechanism of *fhlA* mRNA by OxyS in the presence of Hfq has been better characterized. Two complementary regions between OxyS and *fhlA* exist, and kissing complexes form at these two base-pairing sites. The interaction generated within the 5′- leader region of *fhlA* sequesters the RBS preventing translation ([@B7]). In general, it was assumed that the simultaneous binding of sRNA and mRNA to Hfq can increase the local concentration of RNAs and their base-pairing opportunity. Our crystal structures provide the basis for recognition of OxyS A-rich sequence by Hfq. Additional *in vivo* translation assays indicated that mutants harboring mutations at the RNA-binding interface of Hfq are defective in the repression of *fhlA* translation. In contrast to the crystal structure of Hfq-A~7~, in which two A~7~ molecules symmetrically bind on top of the distal side of Hfq, our structures indicated that OxyS fragments only contact a small portion of the Hfq distal face. We propose that the lower occupancy of OxyS on the distal side of Hfq exposes a sufficient area for *fhlA* binding to allow two RNAs to bind and form a functional entity through base pairing.

OxyS has been reported to negatively regulate *rpoS* gene expression without apparent base pairing and this regulation depends on Hfq ([@B8]). The mechanism of OxyS regulation of the translation of *rpoS* mRNA remains less well understood. Recently, in addition to regulation by base pairing, another regulatory mechanism by Hfq competition was proposed and supported by *in vitro* and *in vivo* studies for Hfq-dependent sRNAs ([@B9],[@B51]--[@B54]). In the cell, due to the limited availability of Hfq, sRNAs must compete with each other to fulfill their roles in the regulation of mRNA translation ([@B9],[@B10],[@B51],[@B52]). It has been proposed that this competition may occur not only between sRNAs but also between sRNA and mRNA ([@B9]). For *rpoS*, the (A-A-N)~4~ motif in the 5′-untranslated region (UTR) has been demonstrated to bind Hfq and plays a critical role in sRNA regulation of *rpoS* translation ([@B50]). Very recently, Peng *et al*. exhibits a structural model in which *rpoS* wraps around the Hfq protein and can bind to its distal face and lateral rim ([@B55]). In this study, our structures reveal that sRNA fragments of OxyS bind to the distal surface of Hfq and likely share a similar binding interface on Hfq with the (A-A-N)~4~ motif of *rpoS*, suggesting that competition for binding on the distal face of Hfq may occur between OxyS and *rpoS*. Considering that a base-pairing interaction has not been detected between OxyS and *rpoS* ([@B4],[@B8]), this competition may be the major issue occurring on the Hfq distal side. Furthermore, using EMSA, we demonstrated that full-length OxyS can successfully compete with an *rpoS* fragment of the same length (rpoScp108: nucleotides 331--438, containing an (A-A-N)~4~ and an A~6~ element) for Hfq binding *in vitro* (Supplementary Figure S8). Collectively, our structural and biochemical results support the notion that competitive displacement can occur, not only between OxyS and other sRNAs but also between OxyS and *rpoS*, and, in turn, can affect the translation of *rpoS* mRNA. In summary, the linker region of OxyS that binds to Hfq may utilize two different mechanisms to regulate the translation of *fhlA* and *rpoS*.
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